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Abstract. Magnetic field has been observed in both relaxed as well as unrelaxed galaxy
clusters with the former possessing more strength compared to the latter. The non-thermal
pressure exerted by magnetic fields contributes to the total pressure in galaxy clusters and
in turn affects the estimates of the gas mass fraction, fgas. In this paper, we have considered
a magnetic field strength of ∼ 10µG for 22 unrelaxed clusters and a field strength of ∼ 10µG
as well as ∼ 20µG for 13 relaxed clusters. The role of magnetic field has been taken into
account in inferring the gas density distribution through the modification of the hydrostatic
equilibrium condition (HSE). We have found that the resultant gas mass fraction is smaller
with magnetic field as compared to that without magnetic field. However, this decrease is
dependent on the strength and the profile of the magnetic field. We have also determined
the total mass using the NFW profile to check for the dependency of fgas estimates on total
mass estimators. Further, we have noted that the fgas estimates from NFW are closer to that
derived from WMAP results as compared to those from HSE. From our analysis, we conclude
that the non-thermal pressure from magnetic fields has a non-zero but minor impact (of upto
4 %) on the gas mass fraction of galaxy clusters.
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1 Introduction
Magnetic fields have been observed at various length scales from stars to galaxies and galaxy
clusters [1–8]. These fields have a bearing on different physical processes such as star for-
mation [9], confinement of cosmic-rays in the galactic arms and inside the core of the galaxy
clusters [10] among others. It has been suggested that these fields can also have an influence
on the formation of large-scale structures such as galaxy clusters and in their virialization [11].
There are several indirect methods to probe the magnetic field strength and its structure in
galaxies and galaxy clusters such as synchrotron radiation and Faraday rotation of polarised
radiation from radio sources present inside or in the background of these structures [1, 12–16].
Using Faraday rotation observations, it has been inferred that galaxy clusters have central
magnetic fields of the order of ∼ 10µG with a coherence length of 10 − 20 kpc [1, 8, 17–
19, 19–21]. Further, it is also well established that the strength of these fields varies with the
dynamical stage of the clusters, being more for relaxed clusters compared to the unrelaxed
ones. Similarly, other specific studies have pointed out that the maximum magnetic fields
are of the order of ∼ 40µG and ∼ 10µG in the core of relaxed and unrelaxed galaxy clusters,
respectively [1, 6, 12, 19, 20, 22, 23].
The non-thermal pressure exerted by magnetic field has been investigated in several
previous studies to gauge its effect on the total mass and the distribution of gas density [24–
27]. For instance, Lagana´ et al. (2010) [26] incorporated the pressure due to magnetic field,
cosmic rays, and turbulence in the hydrostatic equilibrium condition to compute the change
in the total mass of the clusters. In their analysis, they have observed that the inclusion of
non-thermal pressure leads to an increase of about 10 to 35 % in the total mass of the cluster.
This was further used to explain the inconsistency found in the total mass inferred by different
measurements such as those using X-ray and weak lensing [28, 29]. However, there has been
another approach suggested wherein the magnetic field directly affects the rearrangement
of the gas density keeping the total mass and the temperature profile unaffected. Recently,
Koch et al. (2003) [25] and Gopal & Roychowdhury (2010) [27] have followed this route
to deduce the change in the gas density profiles by assuming the dependence of magnetic
field on the gas density as B(r) ∝ (ρg(r))γ , where γ is the shape parameter [30, 31]. They
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have noted that the inclusion of magnetic field reduces the gas density (e.g., see Section 3 of
Koch et al. (2003) [25]) and found that the impact of magnetic field was larger in the core
as compared to that in the outer regions of the cluster.
In this paper, we aim to investigate the effect of magnetic field on the gas mass frac-
tion, fgas, of a sample of galaxy clusters. The gas mass fraction is defined as the ratio of
the gas mass to the total mass of the cluster, fgas(r) = Mg(< r)/Mtotal(< r) [32–36]. It
serves as an alternate probe to constrain cosmological parameters since this ratio is con-
sidered to be indicative of the baryon fraction, Ωb0/Ωm0, in the universe where Ωb0 and
Ωm0 are the baryon density and the total matter density of the universe today, respec-
tively [33, 36–41]. By taking advantage of the availability of number density and tempera-
tures profiles for relaxed and unrelaxed clusters and their corresponding best-fit parameters
given in Landry et. al. (2013) [42](Henceforth, LY13), we have also managed to separate
our study based on the dynamical stage of the clusters. In addition, to gauge differences in
the gas mass fraction estimates using different total mass estimators, we have also employed
Navarro, Frenk and White (NFW) profile [43] to compute the total mass of the cluster. We
have also evaluated the change in the gas mass fraction for our sample as a function of B0 and
γ. Following the convention adopted by LY13, we have used Wilkinson Microwave Anisotropy
Probe (WMAP) results throughout this paper with H0 = 70.2 km s
−1 Mpc−1,Ωm0 = 0.27
and ΩΛ0 = 0.73 [44].
This paper is organized as follows: Section 2 illustrates the estimation of gas mass, total
mass and the gas mass fraction for our sample, with and without magnetic field. In the same
section, we also discuss the effect of employing the NFW profile in estimating the total mass.
Further in Section 3, we explain the methodology adopted for the analysis. In Section 4,
the results of our analysis our provided and in the subsequent section, we conclude with our
major results.
2 Estimation of gas mass, total mass and the gas mass fraction
The intracluster medium comprises of magnetized plasma at a temperature of ∼ 108 K [14,
32, 45]. It predominantly emits in X-ray, which is often used in the estimation of gas density
and other physical parameters of the cluster [14, 32, 42, 45–47]. Together with the optical
and radio observations, X-ray observations have also been used to classify galaxy clusters into
two broad classes, namely, relaxed and unrelaxed clusters [13–15, 18, 20, 21, 48–50]. The
two classes of clusters differ in various aspects such as gas density and temperature profiles
as well as magnetic field strengths [1, 13, 20–23, 42, 51, 52]. Due to the different strengths of
magnetic fields in unrelaxed and relaxed clusters, the impact on their respective gas densities
could also be different. To investigate this possibility, we have considered a sample of 35
galaxy clusters from LY13 [42], of which 22 are unrelaxed and 13 are relaxed clusters. The
clusters are distributed in the redshift range 0.15 to 0.30 having masses M180 > 5×1014M⊙.
In their analysis, they have described the number density and temperature profiles using the
models of Vikhlinin et al. (2006) [53] (Henceforth, Vikhlinin density profile and Vikhlinin
temperature profile). The Vikhlinin density profile is a generalization of the β−model and
has been effectively used to model the central as well as the outer regions of the clusters
(see [53] for more details). LY13 simplified the Vikhlinin density and temperature profiles
by removing certain parameters and fixing certain others (see Section 4 of [42]). The general
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expressions for the simplified profiles used are,
ne(r) ' n0
√
1
(1 + (r/rc)2)3β
1
(1 + (r/rs)τ )ξ/τ
(2.1)
T (r) = T0
(r/rcool)
acool + (Tmin/T0)
(r/rcool)acool + 1
1
(1 + (r/rt)b)κ/b
. (2.2)
The parameters n0, rc and ξ represent the central number density, the core radius and the
steepness of the surface brightness profile at large radii, respectively. The latter parameter
is degenerate with the parameter rs, which denotes the scale at which the steepening of the
profile occurs. The width of the transition region, is quantified by a dimensionless parameter,
τ . The parameters acool and rcool represent the curvature around the peak of the temperature
profile and the radius of the cool-core, respectively (see Section 4 of LY13). The quantity T0
defines the central temperature and Tmin/T0 is a measure of the amount of central cooling.
The last factor in the temperature profile determines the transition region outside the core
of the cluster and the parameter rt denotes the scale at which the transition occurs. The
parameters κ and b represent the asymptotic slope and the curvature of the temperature
profile at intermediate radii, respectively (See [53] and [42] for further details). The best-fit
values of the above mentioned parameters with the corresponding errors are discussed in
LY13 [42].
Using Eqs. 2.1 & 2.2, we compute the gas density, total mass and the gas mass fraction
at the radii, r2500,HSE and r500,HSE , which are defined as the radii at which the total density
of the cluster is 2500 and 500 times the critical density of the universe, ρc, at the cluster’s
redshift, respectively. Further, substituting for the number density profile from Eq. 2.1, the
gas mass within a radius, r, turns out to be,
Mg,HSE(< r) = 4piµemp
∫ r
0
r˜2ne(r˜)dr˜ (2.3)
= 4piµemp
∫ r
0
(
n0
√
1
(1 + (r˜/rc)2)3β
1
(1 + (r˜/rs)τ )/τ
)
r˜2dr˜, (2.4)
where mp and µe are the mass of the proton and the mean molecular weight of the electron,
respectively. We have taken the value of µe to be 1.155 [36]. Using the hydrostatic equilibrium
condition, the total mass is given as (e.g., Eq. 2.12 in [27]),
MHSE(r) =
−kT (r)r
Gµmp
(
d lnne(r)
d ln r
+
d lnT (r)
d ln r
)
. (2.5)
Here, µ, T (r),k, and ne(r) represent the mean molecular weight, temperature, Boltzmann
constant and the number density profile of the electrons, respectively. Using the gas mass
estimated from Eq. 2.4 and the total mass estimated from Eq. 2.5 (Hydrostatic equilibrium
condition), the gas mass fraction, henceforth denoted as fgas,HSE , can be expressed as,
fgas,HSE(< r) =
Mg,HSE(< r)
MHSE(< r)
. (2.6)
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2.1 Effect of magnetic field on Mg,HSE and fgas,HSE
The high magnetic field strengths found in galaxy clusters (especially in relaxed clusters)
could play a non-trivial role in the dynamics of the gas by its direct impact on the distribution
of electron number density through its contribution to the total pressure [25, 27]. As discussed
in Section 1, there are two approaches suggested to incorporate this effect into the cluster
dynamics and we follow the approach discussed by Koch et al. (2003) [25] and Gopal &
Roychowdhury (2010) [27]. In this approach, inclusion of magnetic field in the hydrosatic
equilibrium condition modifies the gas density keeping the total mass unaltered. It can be
justified by the fact that the total mass of the cluster is dominated by the dark matter
mass (with the gas and the baryonic content constituting ∼ 15% of the total mass) and that
magnetic field directly interacts only with baryons and not dark matter [32]. We also check
for the validity of the assumption that the total mass remains unaltered by the inclusion of
magnetic field, i.e., MHSE ≈ MHSE,B, in Section 3. The hydrostatic equilibrium condition
in the presence of magnetic field is given by (e.g., Eq. 5 of [25]),
MHSE,B(r) =
−kTB(r)r
Gµmp
(
d lnne,B(r)
d ln r
+
d lnTB(r)
d ln r
)
− r
2
Gρg,B(r)
dPB(r)
dr
. (2.7)
Here, TB(r) denotes the temperature of the gas in the presence of magnetic field. The quan-
tities ne,B(r), ρg,B(r), and PB(r) denote the number density of electrons in the presence of
magnetic field, gas density in the presence of magnetic field and the additional pressure that
arises due to magnetic field, respectively. In earlier studies, magnetic field observations of
galaxy clusters were interpreted assuming a constant magnetic field distribution [13, 14, 54].
Later, it was suggested that the magnetic field distribution follows the gas density distribu-
tion [55, 56]. Dolag et al. (2001) [31] found a correlation between the r.m.s of the rotation
measure and the X-ray emission in galaxy clusters using results from MHD simulations and
observations. The magnetic field distribution was modelled using the form,
B(r) = B0
(
ρg(r)
ρg0
)γ
. (2.8)
Here, ρg0 and B0 represent the gas density and the magnetic field at the center of the cluster,
respectively and γ denotes the shape parameter. The same form was also later used by
Koch et al. (2003) [25] to study the impact of magnetic fields on the Sunyaev-Zel’dovich effect
in galaxy clusters. It was also used by Colafrancesco & Giordano (2007) [30] and Lagana´
et al. (2010) [26] to study the effect of non-thermal pressure in their respective studies.
The value of the shape parameter, γ, depends on the nature of the cluster. For example,
during cluster formation, the flux-freezing condition results in γ of the order of 2/3 [26, 31].
Similarly, in the case of equipartition of energy in galaxy clusters, it can be approximated as
0.5. As we have discussed above, our study comprises of both unrelaxed and relaxed galaxy
clusters. Relaxed clusters are observed to follow the energy equipartition condition (between
magnetic and thermal energy density) [57]. Hence, we have approximated the value of γ
for such clusters as 0.5. On the other hand, unrelaxed clusters are still evolving and have
most probably not reached a state of equipartition. Using the results from simulations and
observations of galaxy clusters, Dolag et al. (2001) [31] reported that the shape parameter
for unrelaxed clusters such as A119 is of the order of ∼ 0.9. Therefore, we have also taken
the same for our subsample of unrelaxed clusters. Lagana´ et al. (2010) [26] also considered
γ in the range 0.5 to 0.9 in their analysis, which is consistent with our assumptions.
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Assuming that the temperature is not affected by magnetic field (T (r) = TB(r)), the
expression for ρg,B(r) inferred from Eq. 2.5 and 2.7 turns out to be [25, 27],
ρg,B(r) = ρg(r) exp
(
B0
2
2µ0
µmp
ρB02γ
∫ rl
r
(ρg,B(r˜)
2γ)
′
ρg,B(r˜)kT (r˜)
dr˜
)
. (2.9)
Here, ρB0 denotes the central gas density in the presence of magnetic field. The above
expression is solved iteratively for the values of B0 and γ considered in our study by first
substituting ρg(r) in the place of ρg,B(r) on the right hand side. After comparing the solution
obtained at each iteration with the previous round of iteration, we found that the result ob-
tained stabilizes at the third iteration. Hence, we proceed further with the solution obtained
at the third iteration. In Eq. 2.9, rl denotes the radius where ρg,B(rl) = ρg(rl). Similar to
the analysis done in the previous section, we can describe Mg,HSE,B and fgas,HSE,B using
the expression for the gas density and the total mass, ρg,B and MHSE given in Eq. 2.9 and
Eq. 2.5 respectively. The gas mass, Mg,B and the gas mass fraction fgas,HSE,B are given as
follows,
Mg,HSE,B(< r) = 4piµemp
∫ r
0
r˜2ρg,B(r˜)dr˜ (2.10)
fgas,HSE,B(< r) =
Mg,HSE,B(< r)
MHSE(< r)
. (2.11)
2.2 Estimating the total mass using the NFW profile
In the literature, the total mass of a galaxy cluster is also modelled using the Navarro, Frenk
and White, (NFW) profile [43], which was derived by modelling the spatial dark matter
distribution in N-body simulations. It is representative of the total mass of the cluster since,
the dark matter dominates the total mass content. The NFW density profile is given by,
ρNFW (r) =
ρcδc
(r/rs)(1 + r/rs)2
. (2.12)
Here, δc refers to the characteristic overdensity of the halo. The radial scale rs is equal to
r200/c, where r200 and c are the virial radius and the concentration parameter of the cluster,
respectively. Since dark matter dominates the total mass of the galaxy cluster, the latter can
be approximated from the NFW profile,
MNFW (r) =
∫ r
0
4pir˜2ρNFW (r˜)dr˜ (2.13)
=
∫ r
0
4pir˜2
(
ρcδc
(r˜/rs)(1 + r˜/rs)2
)
dr˜. (2.14)
With the change in the total density and the total mass due to the use of the NFW pro-
file, the estimated r2500,HSE and r500,HSE also changes. We denote these new quantities as
r2500,NFW and r500,NFW . As a result, the estimated gas mass at these radii is also mod-
ified. The gas mass fraction (fgas,NFW ) is now given by Mg,NFW /MNFW . Similarly for
a non-zero magnetic field, the total mass remains unaffected but the gas mass changes to
Mg,NFW,B. Hence, the new gas mass fraction in the presence of magnetic field becomes
fgas,NFW,B = Mg,NFW,B/MNFW . The sample for the NFW mass profile was obtained from
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LaRoque et al. (2006) [46] which was then further cross-matched with LY13 to result in a
sample of 14 galaxy clusters of which 8 were unrelaxed and 6 were relaxed.
In the subsequent sections, we will compute the gas mass fractions for our sample
as discussed above. We expect the gas mass fraction to decrease with the increase in the
strength of magnetic field (e.g., see Fig. 3). The change also depends on the value of the
shape parameter γ and the radius at which the quantity is determined.
3 Methodology
As discussed in Section 2.2, the mass calculated using the hydrostatic equilibrium condition
is assumed to be the same with or without magnetic field. In order to check how good this
assumption is, we calculated the variation, δM = [MHSE,B(r)−MHSE(r)]/MHSE(r)× 100%
for the unrelaxed and relaxed clusters separately. For the 22 unrelaxed clusters in our sample,
the variation obtained was more than 4 % for the clusters, A781 and A5247 at both r2500,HSE
and r500,HSE for B0 = 10µG and γ = 0.9. On the other hand, for the 13 relaxed clusters in
our sample, the maximum value of δM was found to be ∼ 3 % for B0 = 20µG, γ = 0.5 and
r = r500,HSE . We then employed Chauvenet’s criterion
1 to identify outliers in our sample,
which resulted in the exclusion of certain clusters as indicated in Table 1.
After the removal of the outliers from the unrelaxed and relaxed cluster sample, we
calculated the average of the variation, δM , for the remaining clusters. The values of δM
are listed in Table 1 for different values of B0, γ, and r for the two classes of clusters. Since
we are interested in the cases where the magnetic field does not significantly alter the total
mass, we further imposed δM as a cut-off to exclude all those clusters for which the value of
δM exceeded this average. The reduced sample is also provided in Table 1.
Table 1: The sample size and the cut-off values, δM , for our subsamples.
Galaxy cluster type γ Ni
a Magnetic field (B0) No
b δM after removing outliers (%) Nf
c
r2500,HSE r500,HSE r2500,HSE r500,HSE r2500,HSE r500,HSE
Unrelaxed clusters 0.9 22 10µG 20 20 1.07 0.61 12 14
Relaxed clusters 0.5 13
10µG 12 11 0.28 0.26 7 7
20µG 12 11 1.12 1.03 7 7
aNi = Number of clusters in the initial sample.
bNo = Number of clusters after the removal of outliers.
cNf = Number of clusters in the final sample.
Further, to incorporate the error of the gas mass fraction in our analysis, we have used
weighted average (WA) as an estimator, which is defined as,
WA(fgas) =
∑N
i=1
fgasi
(σfgasi
)2∑N
i=1
1
(σfgasi
)2
. (3.1)
Here, σfgasi is the error on the gas mass fraction calculated by propagating the errors
of all the parameters included in it. However, we have used the average of the percentage
change in the gas mass fraction to present our findings for different subsamples in Table 2.
1According to the Chauvenet’s criterion, an observation xi is an outlier if the following expression holds
true: erfc
(
|xi−x¯|
σi
)
< 1
2N
, where xi is the observation in question, x¯ is the average of the sample, σi is the
standard deviation of the observation, and N is the total number of observations.
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4 Results and Analysis
Using the reduced sample obtained in the previous section, we investigate the impact of
magnetic field on the gas mass fraction for our sample of clusters corresponding to the cases
of hydrostatic equilibrium and NFW, respectively. We have also noted that since the change
can be different for relaxed and unrelaxed clusters, we treat these two classes of clusters
separately. Along with that, to compare the values of fgas of our sample with the theoretical
estimate of the gas mass fraction derived from the WMAP results, we have removed the
contribution of the stellar content, fstars, from the theoretical value, where, fstars is estimated
from the analysis done by Lagana´ et al. (2013) [58] by computing the average value of fstars
for the 18 clusters that overlapped with our sample of clusters left after the removal of
outliers. The stellar fractions estimated at r2500,HSE , r2500,NFW and r500,HSE , r500,NFW
are 0.016 ± 0.002 and 0.012 ± 0.001, respectively. Since, our sample contains all high mass
clusters, we have generalized the same to our entire sample. In the following two subsections
(4.1 & 4.2), we discuss the results for each of these two classes of clusters.
4.1 Unrelaxed clusters
As discussed in earlier sections, the strength of the magnetic fields in the unrelaxed clusters
is less as compared to the relaxed ones. We have considered a magnetic field strength of
10µG, the shape parameter, γ to be 0.9 and evaluated its effect on the gas density for these
clusters.
It has been evaluated for different subsamples of unrelaxed galaxy clusters at radii,
r2500,HSE and r500,HSE , as mentioned in Table 2. We have found that the average percentage
change in fgas,HSE , ∆fgas,HSE , at r2500,HSE and r500,HSE is 1.10 % and 0.65 %, respectively.
From these results, we can infer that for unrelaxed galaxy clusters, the magnetic field has
only a minor effect on the cluster dynamics. However, we note that the effect of magnetic
field is more pronounced at r2500,HSE than r500,HSE (Note that r2500,HSE < r500,HSE). This
is because its effect reduces as one moves away from the center of the cluster to the periphery,
which is also evident from the form of B(r) considered (Eq. 2.8). In the left panel of Fig. 1,
we have plotted the WA of fgas,HSE and fgas,HSE,B with the mean redshift of the cumulative
redshift bins, z¯cluster. As can be inferred from the figure, fgas,HSE,B, denoted by red solid
triangles, is lowered as compared to fgas,HSE , which is denoted by black solid discs. Along
with this we have also found that the values at r500,HSE are also closer to the theoretical
estimate from WMAP although they are not within the 1σ bands. These values of fgas,HSE
and fgas,HSE,B at r500,HSE are given in Table 3 & 4, respectively and have also been plotted
with respect to redshift, zcluster, in Fig. 4A.
Further, this difference in the gas mass fraction was found to be affected by changing
the total mass estimator. To elaborate on this possibility, we have also estimated fgas,NFW
and fgas,NFW,B using the NFW profile with and without magnetic field, respectively. To this
end, we have chosen a subsample of unrelaxed clusters for which both the HSE and NFW
profile details were available (for more details see Section 2.2). From this exercise, we have
noted that the change in ∆fgas,NFW is larger at radii, r2500,NFW as well as r500,NFW in the
NFW analysis as compared to the case of HSE. Further, its value for the NFW case is closer
to the theoretical value of the gas mass fraction. The same is observed in the right panel of
Fig. 1, where we have plotted the WA of fgas,NFW and fgas,NFW,B with z¯cluster. The values
of fgas,NFW and fgas,NFW,B at r500,NFW are given in Table 6 & 7, respectively and have also
been plotted with respect to redshift, zcluster, in Fig. 4B.
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Figure 1: Left panel: The distribution of the weighted averages (WA) of fgas,HSE with (red solid
triangle) and without (black solid disc) magnetic field with respect to the mean redshift in every redshift
bin, z¯cluster (see Section 3 for more details). Here, black solid line denotes the theoretical value of
fgas =Ωb0/Ωm0 − fstars estimated from WMAP with the 1σ region shaded in grey. Right Panel:
Same as the left panel but with the HSE condition being replaced by the NFW profile for the total mass
estimation.
4.2 Relaxed clusters
In relaxed clusters, the strength of magnetic fields are observed to be higher as compared
to that in unrelaxed ones (e.g., see Section 2.2). Hence, we have considered magnetic fields
of strength 10µG and 20µG for such clusters. We have also fixed the value of the shape
parameter, γ to be 0.5 for the analysis of relaxed clusters.
Using the reduced subsample given in Table 1, we have noted that for γ = 0.5 and B0 =
10µG, ∆fgas,HSE is 0.52 % and 0.35 % at radii, r2500,HSE and r500,HSE , respectively (Table
2). Further, we have also noted that the resultant ∆fgas,HSE for a magnetic field strength
of 20µG turns out to be 2.15 % and 1.46 % at r2500,HSE and r500,HSE , respectively . From
the above analysis, we can conclude that the gas mass fraction decreases with the increase
in the central magnetic field strength.
Additionally, to compare with the theoretical value of the gas mass fraction from
WMAP, we have plotted the variation of the WA of fgas,HSE and fgas,HSE,B with the mean
redshift of the cumulative redshift bins, z¯cluster, for both 10µG and 20µG magnetic fields in
the left panel of Fig. 2. From the figure, we can infer that the gas mass fraction in each
redshift bin reduces in the presence of magnetic field. As in the case of unrelaxed clusters,
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the values at r500,HSE are closer to the WMAP results as compared to the values at r2500,HSE
although these are atleast 1σ away from the WMAP results. All the cases mentioned above
are compiled in Table 3 and Table 5. The variation of fgas,HSE and fgas,HSE,B with redshift,
zcluster, are also depicted in Fig. 4C and 4E.
We have also evaluated the change in the gas mass fraction of relaxed clusters using
the NFW profile as a total mass estimator. The difference in gas mass fraction between
B0 = 10µG and B0 = 0, for γ = 0.5 was found to be 0.96 % and 0.65 % at r2500,NFW and
r500,NFW , respectively. Further, it was noted to increase with the strength of magnetic field
(Table 2).
In order to compare the HSE results with the results from NFW profile, we have also
plotted the variation of WA of fgas,NFW and fgas,NFW,B with z¯cluster for both the strengths
of magnetic fields at both the radii (right panel of Fig. 2). Compared to the values of the gas
mass fraction obtained from HSE, the values for the NFW profile are higher and hence closer
to the WMAP results at both the radii with the values at r500,NFW being higher than the
values at r2500,NFW . Tables 6 & 8 list the values of fgas,NFW and fgas,NFW,B at r500,NFW
and Fig 4D and Fig 4F depicts its variation with redshift, zcluster.
Table 2: The average percentage change in the value of fgas in the presence of magnetic field of
different strengths is listed. It is evaluated as 1N Σ
N
i (
fgasi−fgas,Bi
fgasi
× 100)%. The values given below
are in % and are given at two different radii from the center : r2500,HSE , r2500,NFW and r500,HSE ,
r500,NFW .
Galaxy cluster type γ Magnetic field (B0) HSE NFW
a ∆fgas,HSE (%)
b ∆fgas,NFW (%)
r2500,HSE Nf r500,HSE Nf r2500,NFW Nf r500,NFW Nf
Unrelaxed clusters 0.9 10µG 1.10 12 0.65 14 1.80 8 0.83 8
Relaxed clusters 0.5
10µG 0.52 7 0.35 7 0.96 6 0.65 6
20µG 2.15 7 1.46 7 4.01 6 2.74 6
a∆fgas,HSE =
1
N
ΣNi
(
fgas,HSEi−fgas,HSE,Bi
fgas,HSEi
× 100
)
(%).
b∆fgas,NFW =
1
N
ΣNi
(
fgas,NFWi−fgas,NFW,Bi
fgas,NFWi
× 100
)
(%).
5 Discussions and Conclusions
Observations suggest that the dynamics of galaxy clusters can be influenced by intracluster
magnetic fields. In addition to thermal sources, magnetic field also contributes to pressure
together with other non-thermal sources like, turbulence and cosmic rays. In particular, the
effect of magnetic field on the physical parameters of the clusters such as the total mass and
density profile have been investigated in several studies [24–27]. These can be classified into
two approaches. In one approach, the total mass is altered by the incorporation of magnetic
field in the hydrostatic equilibrium condition while keeping the gas density unchanged. The
other approach involves keeping the total mass constant and altering the gas density profile
by the inclusion of magnetic field.
The study conducted by Lagana´ et al. (2010) [26] follows the first approach in which
they have reported that the total mass varies upto ∼ 35 % by including contribution from
magnetic field, cosmic rays, and turbulence. Their investigation involved 3 relaxed and 2
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Figure 2: Left panel: The distribution of the weighted averages (WA) of fgas,HSE with (red solid
triangle) and without (black solid disc) magnetic fields with respect to the mean of the redshift in every
redshift bin, z¯cluster (see Section 3 for more details) for the relaxed clusters. Here, black solid line
denotes the theoretical value of fgas =Ωb0/Ωm0 − fstars estimated from WMAP with the 1σ region
shaded in grey. Right Panel: Same as the left panel but with the HSE condition being replaced by
the NFW profile for the total mass estimation.
unrelaxed clusters and the gas density of these clusters were modelled using Ser´sic and β-
profile, respectively. On the other hand, Koch et al.(2003) [25] and Gopal & Roychowdhury
(2010) [27] followed the second approach in their analysis. The former considered one cluster
and modelled its gas density using the β-model and concluded that the modified gas density
profile is lowered by 10 % to 20 % in the innermost part of the cluster where the magnetic
field is strongest.
In this paper, we have followed the second approach (similar to Koch et al.(2003) [25])
and have quantified the effect of magnetic field on the gas mass fraction of a sample of
galaxy clusters taken from LY13 [42], which consists of 22 unrelaxed and 13 relaxed clusters.
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We have also checked whether our assumption of the total mass remaining unchanged holds
true by computing the variation for different combinations of B0, γ, and r. As discussed in
Section 3, we have obtained a maximum variation in the total mass of about ∼ 1 % in our
analysis after imposing a cut-off on δM . Due to the above filters, although our sample size
reduced, we were still left with at least 19 clusters for which we have evaluated the modified
gas density profile by including the non-thermal pressure due to the magnetic field in the
hydrostatic equilibrium condition. Contrary to the β−model and Ser´sic profile used by other
authors, we have selected a sample of galaxy clusters for which the gas density was modelled
using Vikhlinin density profile [53] and the temperature was modelled using the Vikhlinin
temperature profile instead of being assumed as isothermal.
Observations suggest that unrelaxed and relaxed clusters possess different magnetic
field strengths. In order to check and compare possible variations in the estimated gas mass
fraction in the presence of magnetic field in these two cases, we have analyzed these cases
separately. We have assumed a model of magnetic field dependence with radius in the galaxy
cluster as B(r) ∝ ρg(r)γ [26, 31, 59]. Since relaxed clusters by definition are in a state of
equilibrium, we took the value of the shape parameter γ to be 0.5 in accordance with the
energy equipartition assumption. However for unrelaxed clusters, we considered the value of
γ to be 0.9 which is motivated from the range of γ values obtained from simulations as well
as observations [26, 31, 60]. The main results of this paper are as follows:
• For the unrelaxed clusters using the HSE condition, the average percentage change in
the value of fgas,HSE for B0 = 10µG and γ = 0.9 is 1.10 % at r2500,HSE and 0.65 %
at r500,HSE . Similarly, using the NFW profile as a total mass estimator to gauge
differences in the gas mass fraction estimates, we found that the average percentage
change in fgas,NFW for B0 = 10µG and γ = 0.9 is equal to 1.80 % and 0.83 % at
r2500,NFW and r500,NFW , respectively.
• In the case of relaxed clusters, ,we note that the average percentage change in fgas,HSE
is equal to 0.52 % for B0 = 10µG and γ = 0.5 at r = r2500,HSE . It further diminishes by
0.35 % at r = r500,HSE . Similarly using the NFW profile as a total mass estimator, we
found that ∆fgas,NFW is 0.96 % and 0.65 % at r2500,NFW and r500,NFW , respectively.
With the increase in the magnetic field strength to 20µG, we found that the maximum
change reaches upto 2.15 % and 4.01 % in the case of HSE and NFW, respectively.
Figure 3: Left panel:The variation of the percentage change in the value of fgas,HSE at r500,HSE
with the central value of magnetic field, B0, and γ for the unrelaxed cluster, A1423. The colorbar
indicates the percentage change in fgas,HSE. Right Panel: Same as the left panel but for the relaxed
cluster, A1835.
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• As mentioned in Section 1, relaxed clusters are observed to contain even higher central
magnetic field strengths, (10 to 40)µG. The change in fgas is expected to increase with
the strength of magnetic field and with the decrease in the value of γ (see Section 2.1).
In this regard, we have chosen a typical unrelaxed and relaxed cluster from our sample
to depict the variation of the percentage change in fgas,HSE with B0 and γ at r500,HSE .
This is represented in the contour plots shown in Fig. 3, where the variation of the gas
mass fraction is depicted with respect to B0 and γ for an unrelaxed cluster (A1423)
(left panel of Fig. 3) and a relaxed cluster (A1835) (right panel of Fig. 3).
• Considering the same value of magnetic field, we find from our analysis that the average
percentage change in the gas mass fraction in the presence of magnetic field is more
in the case of unrelaxed clusters than in the relaxed clusters even though the former
has a higher value of γ than the latter. This behaviour is seen in both NFW and
HSE analysis. Additionally, we find that the average percentage change in the gas
mass fraction with magnetic field is more in the NFW case compared to the HSE case
irrespective of the dynamical stage of the cluster (see Table 2).
In summary, we have quantified the contribution of magnetic field in the gas mass fraction
of galaxy clusters and found the maximum change to be ∼ 4 % taking into account both the
HSE and NFW cases and for the values of B0 and γ considered in our analysis. This change
in fgas,HSE and fgas,NFW also increases with the strength of the magnetic field and decrease
in the value of γ as evident from Fig. 3. The other contributions to the total non-thermal
pressure due to turbulence and cosmic-ray electrons may also result in a significant change in
the gas mass fraction. Further, for a better understanding of the influence of magnetic field
on the gas density distribution, a detailed observational magnetic field profile of the cluster
is required. These studies are in progress.
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Table 3: The values of z, Mg,HSE , MHSE and fgas,HSE at r500,HSE for our initial sample of 35
galaxy clusters.
S.No. Name of the cluster z r500,HSE (Mpc) Mg,HSE (10
13M⊙) MHSE (1014M⊙) fgas,HSE Dynamical state
1. A586 0.171 0.621 ± 0.014 2.97 ± 0.20 2.86 ± 0.19 0.104 ± 0.010 Unrelaxed
2. A1914 0.171 0.763 ± 0.028 5.98 ± 0.64 5.36 ± 0.60 0.111 ± 0.017 Unrelaxed
3. A665 0.182 1.004 ± 0.091 6.92 ± 0.78 6.75 ± 1.84 0.102 ± 0.030 Unrelaxed
4. A115 0.197 0.812 ± 0.096 4.50 ± 1.06 4.04 ± 1.43 0.111 ± 0.047 Unrelaxed
5. A520 0.199 0.784 ± 0.019 5.94 ± 0.58 4.75 ± 0.36 0.125 ± 0.015 Unrelaxed
6. A1423 0.213 0.607 ± 0.048 2.66 ± 0.39 2.27 ± 0.54 0.117 ± 0.033 Unrelaxed
7. A773 0.217 0.686 ± 0.011 4.31 ± 0.24 3.31 ± 0.16 0.130 ± 0.009 Unrelaxed
8. A1763 0.223 0.780 ± 0.025 5.69 ± 0.74 3.96 ± 0.38 0.143 ± 0.023 Unrelaxed
9. A2219 0.226 0.811 ± 0.031 8.63 ± 0.96 5.94 ± 0.69 0.145 ± 0.023 Unrelaxed
10. A1682 0.226 0.629 ± 0.061 2.96 ± 1.16 2.65 ± 0.77 0.112 ± 0.055 Unrelaxed
11. A2111 0.229 0.714 ± 0.087 3.84 ± 0.37 3.36 ± 1.23 0.114 ± 0.044 Unrelaxed
12. Z5247 0.230 0.536 ± 0.025 1.72 ± 0.14 1.39 ± 0.20 0.124 ± 0.020 Unrelaxed
13. A267 0.231 0.598 ± 0.018 2.61 ± 0.39 2.11 ± 0.20 0.124 ± 0.022 Unrelaxed
14. A68 0.255 0.800 ± 0.091 5.15 ± 3.36 4.99 ± 1.70 0.103 ± 0.076 Unrelaxed
15. Z5768 0.266 0.439 ± 0.022 0.78 ± 0.38 0.96 ± 0.15 0.081 ± 0.042 Unrelaxed
16. A2631 0.278 0.761 ± 0.042 5.67 ± 1.60 4.21 ± 0.70 0.134 ± 0.044 Unrelaxed
17. A1758 0.279 0.919 ± 0.035 7.36 ± 0.34 6.81 ± 0.78 0.108 ± 0.013 Unrelaxed
18. A1576 0.279 0.622 ± 0.031 3.31 ± 0.78 2.96 ± 0.44 0.111 ± 0.031 Unrelaxed
19. A697 0.282 0.849 ± 0.169 8.49 ± 2.41 6.27 ± 3.76 0.135 ± 0.090 Unrelaxed
20. Z7215 0.289 0.748 ± 0.059 4.09 ± 1.45 4.84 ± 1.15 0.084 ± 0.036 Unrelaxed
21. A781 0.299 0.761 ± 0.022 4.91 ± 0.45 3.35 ± 0.30 0.146 ± 0.019 Unrelaxed
22. A2552 0.302 0.684 ± 0.024 4.77 ± 2.28 3.76 ± 0.40 0.127 ± 0.062 Unrelaxed
23. A2204 0.152 0.820 ± 0.035 6.31 ± 0.56 5.77 ± 0.74 0.109 ± 0.017 Relaxed
24. RXJ1720.1+2638 0.164 0.766 ± 0.120 4.52 ± 0.59 5.00 ± 2.34 0.090 ± 0.044 Relaxed
25. A963 0.206 0.638 ± 0.044 3.52 ± 0.52 3.22 ± 0.66 0.109 ± 0.028 Relaxed
26. A2261 0.224 0.712 ± 0.079 4.97 ± 1.98 4.23 ± 1.40 0.118 ± 0.061 Relaxed
27. RXJ0439.0+0715 0.230 0.657 ± 0.060 3.83 ± 2.73 3.75 ± 1.03 0.102 ± 0.078 Relaxed
28. A2390 0.233 0.895 ± 0.045 8.07 ± 2.43 8.54 ± 1.30 0.094 ± 0.032 Relaxed
29. Z2089 0.235 0.615 ± 0.154 2.35 ± 1.31 2.10 ± 1.58 0.112 ± 0.105 Relaxed
30. RXJ2129.6+0005 0.235 0.628 ± 0.048 3.77 ± 0.85 3.44 ± 0.79 0.109 ± 0.035 Relaxed
31. A1835 0.253 0.769 ± 0.230 5.84 ± 0.23 6.04 ± 5.47 0.096 ± 0.087 Relaxed
32. MS1455+2232 0.258 0.577 ± 0.015 2.46 ± 0.29 2.01 ± 0.16 0.122 ± 0.018 Relaxed
33. RXJ0437.1+0043 0.285 0.723 ± 0.170 4.29 ± 1.35 4.27 ± 2.95 0.100 ± 0.076 Relaxed
34. A611 0.288 0.783 ± 0.039 4.56 ± 0.73 4.86 ± 0.73 0.094 ± 0.021 Relaxed
35. Z3146 0.291 0.762 ± 0.193 6.78 ± 0.75 5.32 ± 4.04 0.127 ± 0.098 Relaxed
Table 4: The values of Mg,HSE,B , fgas,HSE,B at r500,HSE with B0 = 10µG and γ = 0.9 for the
reduced sample of 14 unrelaxed galaxy clusters.
S.No. Name of the cluster z Mg,HSE,B (10
13M⊙) fgas,HSE,B
1. A586 0.171 2.96 ± 0.16 0.103 ± 0.009
2. A1914 0.171 5.96 ± 0.52 0.111 ± 0.016
3. A665 0.182 6.90 ± 0.66 0.102 ± 0.029
4. A115 0.197 4.50 ± 0.95 0.111 ± 0.046
5. A1423 0.213 2.65 ± 0.34 0.117 ± 0.032
6. A773 0.217 4.27 ± 0.20 0.129 ± 0.010
7. A1763 0.223 5.65 ± 0.59 0.143 ± 0.020
8. A2219 0.226 8.58 ± 0.84 0.144 ± 0.022
9. A267 0.231 2.57 ± 0.33 0.122 ± 0.019
10. A68 0.255 5.10 ± 2.40 0.102 ± 0.059
11. A1576 0.279 3.30 ± 0.73 0.111 ± 0.030
12. A697 0.282 8.44 ± 1.90 0.135 ± 0.086
13. Z7215 0.290 4.03 ± 1.22 0.083 ± 0.032
14. A2552 0.302 4.76 ± 1.46 0.127 ± 0.041
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Table 5: The values of Mg,HSE,B , fgas,HSE,B at r500,HSE with B0 = 10µG & 20µG and γ = 0.5
for the reduced sample of 7 relaxed galaxy clusters.
B0 = 10µG B0 = 20µG
S.No. Name of the cluster z Mg,HSE,B (10
13M⊙) fgas,HSE,B Mg,HSE,B (1013M⊙) fgas,HSE,B
1. A2204 0.152 6.30 ± 0.55 0.109 ± 0.017 6.29 ± 0.55 0.109 ± 0.017
2. RXJ1720.1+2638 0.164 4.50 ± 0.45 0.090 ± 0.043 4.45 ± 0.45 0.089 ± 0.042
3. A2390 0.233 8.05 ± 2.26 0.094 ± 0.030 8.00 ± 2.24 0.093 ± 0.030
4. RXJ2129.6+0005 0.235 3.75 ± 0.60 0.109 ± 0.030 3.67 ± 0.60 0.106 ± 0.030
5. Z2089 0.235 2.34 ± 1.06 0.111 ± 0.097 2.29 ± 1.04 0.109 ± 0.096
6. A1835 0.253 5.82 ± 2.22 0.096 ± 0.087 5.78 ± 0.22 0.096 ± 0.087
7. Z3146 0.291 6.76 ± 0.52 0.127 ± 0.097 6.69 ± 0.52 0.126 ± 0.096
Table 6: The values of Mg,NFW , MNFW and fgas,NFW at r500,NFW for the sample of 14 galaxy
clusters.
S.No. Name of the cluster z r500,NFW (Mpc) Mg,NFW (10
13M⊙) MNFW (1014M⊙) fgas,NFW Dynamical state
1. A586 0.171 0.620 ± 0.042 2.95 ± 0.21 2.61 ± 0.53 0.113 ± 0.024 Unrelaxed
2. A1914 0.171 0.730 ± 0.026 5.58 ± 0.60 4.54 ± 0.49 0.123 ± 0.019 Unrelaxed
3. A665 0.182 0.828 ± 0.080 5.00 ± 0.56 4.27 ± 1.23 0.117 ± 0.036 Unrelaxed
4. A773 0.217 0.612 ± 0.057 3.63 ± 0.20 2.12 ± 0.59 0.171 ± 0.048 Unrelaxed
5. A2111 0.229 0.799 ± 0.214 4.54 ± 0.46 3.94 ± 3.16 0.115 ± 0.093 Unrelaxed
6. A267 0.231 0.612 ± 0.074 2.71 ± 0.41 2.18 ± 0.79 0.124 ± 0.048 Unrelaxed
7. A68 0.255 0.800 ± 0.150 5.06 ± 3.34 4.40 ± 2.48 0.115 ± 0.099 Unrelaxed
8. A697 0.282 0.836 ± 0.107 8.18 ± 2.34 5.08 ± 1.97 0.161 ± 0.077 Unrelaxed
9. A2204 0.152 0.960 ± 0.022 7.60 ± 0.69 7.82 ± 0.55 0.097 ± 0.011 Relaxed
10. A2261 0.224 0.601 ± 0.034 3.87 ± 1.47 2.44 ± 0.42 0.159 ± 0.066 Relaxed
11. RXJ2129.6+0005 0.235 0.664 ± 0.034 4.01 ± 0.93 2.78 ± 0.42 0.144 ± 0.040 Relaxed
12. A1835 0.253 0.770 ± 0.005 5.77 ± 0.23 4.45 ± 0.09 0.129 ± 0.006 Relaxed
13. A611 0.288 0.587 ± 0.087 3.01 ± 0.45 2.17 ± 0.97 0.138 ± 0.065 Relaxed
14. Z3146 0.291 0.803 ± 0.012 7.10 ± 0.81 4.92 ± 0.23 0.144 ± 0.018 Relaxed
Table 7: The values of Mg,NFW,B , fgas,NFW,B at r500,NFW with B0 = 10µG and γ = 0.9 for the
reduced sample of 8 unrelaxed galaxy clusters.
S.No. Name of the cluster z Mg,NFW,B (10
13M⊙) fgas,NFW,B
1 A586 0.171 2.94 ± 0.17 0.113 ± 0.023
2 A1914 0.171 5.56 ± 0.49 0.122 ± 0.017
3 A665 0.182 4.98 ± 0.48 0.117 ± 0.035
4 A773 0.217 3.59 ± 0.17 0.169 ± 0.047
5 A2111 0.229 4.49 ± 0.39 0.114 ± 0.092
6 A267 0.231 2.67 ± 0.35 0.122 ± 0.046
7 A68 0.255 5.01 ± 2.38 0.114 ± 0.080
8 A697 0.282 8.13 ± 1.84 0.160 ± 0.071
Table 8: The values of Mg,NFW,B , fgas,NFW,B at r500,NFW with B0 = 10µG & 20µG and γ = 0.5
for the reduced sample of 6 relaxed galaxy clusters.
B0 = 10µG B0 = 20µG
S.No. Name of the cluster z Mg,NFW,B (10
13M⊙) fgas,NFW,B Mg,NFW,B (1013M⊙) fgas,NFW,B
1. A2204 0.152 7.59 ± 0.68 0.097 ± 0.011 7.58 ± 0.68 0.097 ± 0.011
2. A2261 0.224 3.83 ± 0.92 0.157 ± 0.046 3.69 ± 0.89 0.151 ± 0.045
3. RXJ2129.6+0005 0.235 3.99 ± 0.66 0.143 ± 0.032 3.91 ± 0.65 0.140 ± 0.032
4. A1835 0.253 5.76 ± 0.22 0.129 ± 0.006 5.71 ± 0.22 0.128 ± 0.006
5. A611 0.288 2.96 ± 0.35 0.136 ± 0.063 2.81 ± 0.35 0.129 ± 0.059
6. Z3146 0.291 7.08 ± 0.56 0.144 ± 0.013 7.01 ± 0.56 0.142 ± 0.013
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Figure 4: Left panel:The distribution of fgas,HSE computed at r500,HSE with (red solid triangle)
and without (black solid disc) magnetic fields with respect to redshift (zcluster) for both unrelaxed (A)
and relaxed clusters (C & E). Here black line denotes the theoretical value of fgas = Ωb0/Ωm0− fstars
estimated from WMAP with the 1σ region shaded in grey. Right Panel: Same as the left panel but
for fgas,NFW and fgas,NFW,B.
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